Abstract -This paper studies the vibration energy harvesting (VEH) capabilities for one electrostatic mechanism: the out-ofplane gap-closing (OPGC) converter. The goal is to maximize the output energy harvested from a MEMS device while preventing the integrity of the conditioning circuit. The originality of this work lies in the optimization taking into account both electrical and mechanical aspects and studying at the same time the consequence of the voltage limitations on the transducer. After a reminder of working principle of the VEH at constant charge, we'll propose an optimal design of the structure, analysing the consequences of an external acceleration's fluctuation and a way to remedy this with two different approaches. Also, we'll study the influence of the additional parallel (parasitic) capacitance.
INTRODUCTION
The process of electrical power generation from mechanical vibrations can be described in two stages involving a mechanical resonator and an electromechanical transducer. At first, a proof mass is coupled with the environmental vibrations through an elastic link: the mass and the spring which constitute the resonator are present in almost all mechanical vibration energy harvesters. Thanks to this elastic coupling with the vibrating frame, the mass moves and the resonator accumulates mechanical energy. The second stage consists in the conversion of this mechanical energy into electrical energy. For this purpose, an electromechanical transducer has to apply a damping force on the mass, i.e. has to perform a negative work on the mechanical system. A conditioning circuit manages the electrical energy flow so to accumulate the maximum of energy in a reservoir which supplies the load. In addition, the conditioning circuit creates the electrical context necessary for the wanted operation of the electromechanical transducer ( Fig. 1 ) [1] . This damping force is typically created by magnetic field, straining piezoelectric material or electric field. For a harvester composed of a second order lossless resonator and of an electromechanical transducer of any nature, the absolute upper limit of the power that can be extracted, i.e. converted from the mechanical to electrical domain, is given by [1] :
where X max is the maximal allowed displacement of the resonator mobile mass, m is the resonator lumped mass, ω and A ext are the angular frequency and the acceleration amplitude of the external vibrations respectively. Electret-free electrostatic Vibration Energy Harvesters (VEH), as the one described in this paper, are not yet mature because they required an initial voltage to start up and they are complex to implement with a high transduction efficiency. However the electrical damping force is directly linked to the level of the initial voltage. So if a smart dynamic pre-charge is implemented thanks to a non-linear electronic, an adaptive harvester with the vibration's changes can be obtained [3] , which can be extremely beneficial to improve the efficiency of the harvester in a real vibration environment.
To improve the efficiency of an electrostatic VEH, a "short view" analysis will conclude to design a transducer with the best maximal-to-minimal capacitance ratio and to initialize it with the highest voltage as possible. Indeed, the maximal power that can be harvested from an electrostatic harvester is given by [4] : ISBN: 978-2-35500-011-9
where U o is the initial voltage applied on C var at C max and f elec is the frequency of the transducer capacitance variations.
However the designer has to consider that if a high initial voltage leads to a high electromechanical coupling, it also limits the capacitance variation due to the phenomenon of pull-in for the case of nonlinear transducers (in particular, those with a gap-closing geometry) [5] . Moreover, a too high capacitance variation could lead to voltages much too high for the surrounding electronics. In addition, due to the pull-in issue in electrostatic devices, a high voltage precharge is not compatible with a high transducer's capacitance needed for maximizing the energy yield.
So to maximize the efficiency of an electrostatic VEH in a practical application, a delicate compromise between the pre-charge voltage, the displacement range of the seismic mass and the maximal capacitance value of the transducer is required. In this work, we have performed an accurate analytical modelization of the out-of-plane gap-closing (OPGC) architecture [6] in order to determine the best design in term of harvested power for practical implementation, i.e. we have taken into account a voltage limitation in the conditioning electronic and we have considered if the system is self-adapted or not with the vibration's amplitude changes.
II. PRINCIPLE OF AN OPGC VEH WORKING AT CONSTANT CHARGE

A. Description of the studied device
The structure of an OPGC VEH is represented in Fig. 2 . The transducer is composed of two parallel electrodes. One is attached to a rigid frame which is submitted to external vibrations and the other electrode is linked to the frame through a linear spring of stiffness k. When the vibrations are applied to the frame, the area S of the facing electrodes remains constant and only the gap d changes due to the external acceleration a ext .
Stoppers made out of an insulating material of thickness t o prevent any contact between the two electrodes. The transducer's capacitance C tran is composed of a variable part C var and a constant part C par in parallel to C var . As for any electrostatic VEH, an initial voltage U 0 has to be applied across the transducer when its capacitance is at its maximum value C max . d 0 is the gap between the electrodes when no voltage or acceleration is applied to the system. For our demonstration we will consider a mobile mass made of 400 µm-thick bulk silicon, having an area of 1 cm². The corresponding mass is 9,3.10 -5 g. The mechanical resonance of the resonator is 200 Hz. C par is equal to 10 pF and t o to 1 µm by default (= t o_min ). The maximal voltage allowed in the system is 60 V. 
B. Working principle of the VEH at constant charge
Most of electret-free electrostatic harvesters work at constant charge and their operation is summarized in three steps. Firstly, the electrical (conditioning) circuit put an electrical charge Q 0 on a variable capacitor when its capacitance is at the maximal value (C max ). Then, due to the mobile mass motion, this capacitance is reduced to its minimal value C min . After that, the capacitor is discharged by the electrical circuit. According to the formula of electrostatic co-energy stored in the capacitor W=Q 2 /(2C), the discharge energy is higher than the energy spent to charge the capacitor. The charge Q 0 on C tran being constant during the second phase of the process, the repetition of this ideal cycle generates a maximum amount of power given by (2) .
If electrode is submitted to both electrostatic and mechanical forces. Here comes the problem of the electrostatic instability. The maximum charge Q max that can be applied on an electrostatic transducer is defined by the maximum voltage before the system becomes unstable (the pull-in voltage U pi ) times the capacitance during the charge (C max ).
It is well known that for our device the limit of static stability is given by the couple [U pi , x pi ] which is equal to
. Here U pi is the maximal voltage at which a stable equilibrium point exists, d 0 /3 is the limit position of this equilibrium point at U pi . When the precharge voltage is lower than U pi the system has two equilibrium points: one stable and one unstable, situtated at x eq_stable and x eq_instable , so that d 0 > x eq_instable > x eq_stable (Fig. 3) .
However, in vibrating environment, when the mobile mass is supposed to move, the stability conditions are different and more complex. Indeed, in this case, the stability condition applies restrictions not only on the , the mobile plate oscillates symmetrically around this position, which is not exactly true, given the nonliearity of the electrostatic force field. So, there are two approaches to maximize the energy conversion from the mechanical to the electrical domains:
To pre-charge the system with a low U 0 which allows a large displacement of the mobile electrode, then maximising the C max /C min ratio.
To work with a large value of U 0 but which limits the excursion of the mobile plate and hence leads to a smaller C max /C min ratio. It appears that there is a compromise between the precharge voltage U 0 and the transducer's voltage variation to maximize the harvested power P' h_max given by (2).
III.
OPTIMISATION OF THE DESIGN
This section consists in designing the electro-mechanical transducer, i.e. calculating {d 0 ,U 0 } such as the harvested power P' h_max is maximised and the voltage across the transducer U Ctran is lower than the maximal voltage allowed by the system. All the other parameters are those given in paragraph II-a. The Fig. 4 shows the evolution of P' h_max as a function of U 0 for various d 0 . P' h_max increases with d 0 and decreases when U 0 increases. For each curve, the maximum of P' h_max corresponds to the highest value allowed for C max , i.e. when the mobile plate reaches the stoppers at x max .
So to get a maximum of converted power, we have to work with a low pre-charge in order to extend the C max /C min ratio. But the main limitation comes from the voltage U Ctran_max allowed by the system. Indeed, to experiment in these conditions would be incompatible with an integrated electronics.
A. Consequence of a voltage limitation on C tran
The voltage U Ctran between the two electrodes of the transducer is defined by:
where Q 0 is the charge injected in the system. Then the maximal voltage U Ctran_max corresponds to the C min position of the mobile electrode:
The But due to the stoppers, the C max /C min ratio remains constant and P' h_max and U Ctran_max increase then linearly with U 0 . It clearly appears that U Ctran_max has to be maximized to get the higher harvested power P' h_max . The peak of a each curve corresponds to the optimum couple of values {d 0 ,U 0 } where the maximal authorized excursion of the mobile plate is d 0 -t o_min .
We use the function Optimtool of Matlab to find the optimal design for the device, in terms of maximal harvested power for the given maximal voltage of 60 V. We obtain the following parameters: d 0 = 18 µm and U 0 = 2.38 V (Fig. 6 ). Then the maximal harvested power P' h_max is about 12 µW. The excursion of the mobile plate x opt from its resting position is finally d 0 -t o_min = 17 µm. In these conditions, the C max /C min ratio is 25 35 / 891 ≈ pF pF and relatively high.
B. Consequences of a variation of the external acceleration
What would happen if the external acceleration is lower than expected? In this paragraph we will study the consequences of a reduction of 10% of the mobile plate's displacement on an optimized transducer. We are not in the optimal conditions anymore, with a smaller C max /C min ratio. By keeping the same U 0 (and of course the same d 0 ), the new maximal harvested power dramatically decreased to P' h_max = 1.5 µW (Fig. 7) . The C max /C min ratio is now 9 36 / 338 ≈ pF pF . With this lower acceleration, the voltage U Ctran_max would be maximized for a pre-charge voltage U 0 ~ 6 V. In these conditions, the ratio C max /C min is still ~ 9. But the maximal harvested power increases to P' h_max = 10 µW and is now in the same range as previously.
Two approaches are possible in order to limit the impact of the acceleration's amplitude variations:
To have a smart system where the pre-charge can be adjusted to the fluctuation of the acceleration during the conversion process. Such architecture has been proposed by A. Dudka et al in [3] .
To design a system much less sensitive. This can be obtained with higher stoppers, leading to a smaller value of C max (and then a smaller C max /C min ratio).
For example, we can choose C max /C min = 4. A design optimisation gives the following parameters: d 0 = 22 µm and U 0 = 15 V. The maximal harvested power P' h_max is 9.7 µW for U Ctran_max = 60 V. The related displacement of the mobile electrode is x opt = 15.3 µm. If now the excursion of the mobile plate x opt is reduced of 10 % due to a lower external acceleration, P' h_max is finally 5.8 µW for a voltage U Ctran_max = 48 V, which is not so dramatic (Fig. 8) .
C. Influence of the value of C min
So far, the calculations have been made with a capacitance of C par = 10 pF in parallel to variable part of the transducer's capacitance. The Fig. 9 shows the influence of doubling C par on a structure. Increasing C par has a non negligible influence on C min . Then, the C max /C min ratio and the voltage U Ctran_max decrease, and the maximal harvested power P' h_max as well. However, if the value of C par is known at the design level, the design of the structure can be optimized accordingly. The Fig. 10 shows the variation of the maximal harvested power as a function of the value of C par . The design of the structure, i.e. {d 0 , U 0 }, is optimized for each value of C par . For all of these structures, the stoppers are located at 1 µm of the fixed electrode (t o = t o min ). The C max /C min ratio decreases when C par increases, until reaching C max /C min ~ 1, but we observe that P' h_max increases with C par .
The error bars show the maximal harvested power if a flucutation of the external acceleration induces 10 % loss of displacement of the mobile electrode, considering U 0 can be tuned in real-time. The standard deviation increases with C par and for very high C par , a slight decrease of C max kills the harvested power.
So adding a too high parallel capacitance is not necessary the best solution to maximize the harvested power, even with a system adapted to the acceleration amplitude's variations. 
D. Influence of the resonance frequency
The Fig. 11 shows the variation of the maximal harvested power P' h_max as a function of the frequency f elec of the transducer capacitance variations. Since the equilibrium positions of the mobile electrode are modified when f elec varies, the design of the device is optimized for each value of f elec . It appears that P' h_max increases unlinearly with f elec .
IV.
CONCLUSION
Vibration Energy harvesting capabilities for an electrostatic transducer having an OPGC architecture have been presented. We investigated the working principle at constant charge of a VEH pre-charged with a voltage U 0 and submitted to external vibrations. The originality of this work consists in taking into account both electrical and mechanical aspects for the design optimisation. A constraint on the maximal voltage allowed across the transducer has been taken into account in order to preserve the integrity of the conditioning circuit. We detailed how to design the VEH in order to harvest the maximum power when the vibration's characteristics are known. We also studied the influence of 10% decrease of the mobile electrode's displacement. It appears that, without any constraint on the C max /C min ratio, the decrease of the external acceleration provides a dramatically fall about 87 % of the maximal harvested power, for an initial ratio C max / C min = 25. If the voltage U 0 is adjusted, the decrease is only 17%. So, it would be very useful to have an adaptive system as the one described in [3] . For a passive device, we have to design a much less sensitive system, for example with a ratio C max /C min = 4. Then, the same decrease of the external acceleration will induce a power loss of only 40 %.
Eventually, we showed the effect of an additional parallel capacitance on the harvested power and we observed that the maximal harvested power increases non-linearly with the frequency of vibrations, and this for a design optimized for each value of f elec .
